High-quality ZnO epitaxial films were grown by pulsed-laser deposition on Si (1 1 1) substrates with a thin γ -Al 2 O 3 buffer layer. The epitaxial γ -Al 2 O 3 buffer layer consists of two (1 1 1) oriented domains rotated 60
Introduction
Wurtzite ZnO is a II-VI semiconductor with a wide direct band gap of 3.37 eV. It has potential application for UV/blue light-emitting diodes (LED) and lasers at high temperatures as a result of the large exciton binding energy of 60 meV [1] . Recently, much attention has been paid to heteroepitaxially grown ZnO on Si substrates because of the unique possibility of integrating well-established Si electronics with ZnO-based optoelectronic devices. Unfortunately, direct growth of epitaxial ZnO films on Si is an extremely difficult task due to the formation of an amorphous SiO 2 layer at the ZnO/Si interface [2, 3] that usually results in polycrystalline films with preferred orientation [4] . Although significant efforts have been made to use nonoxide materials, such as ZnS [2] , Si 3 N 4 [3] , Zn/MgO [5] and Mg/MgO [6] , as buffer layers, the growth of high-quality ZnO epi-films on Si is still regarded as an arduous challenge. 5 Author to whom any correspondence should be addressed.
The other issue for the growth of high-quality ZnO epifilms is the existence of high-density threading dislocations (TDs) originating from the large difference in the lattice mismatch (−15.4%) and the thermal expansion coefficient (56%) between ZnO (thermal expansion coefficient α ∼ 5 × 10 −6 K −1 [7] , lattice parameters a = 3.24 Å, c = 5.20 Å) and underneath the Si substrate (α = 3.6 × 10 −6 K −1 [8] , a = 5.431 Å). The point defects captured by TDs stress field act as traps and recombination sites forming deep electronic states inside the band gap [9, 10] . They can lead to electron scattering [11] , significantly affect the optical performance and electron mobility [10, 12] and adversely demote the device efficiency. In this paper, we report the growth of high-quality epitaxial ZnO films using pulsed-laser deposition (PLD) on Si (1 1 1) substrates with a ∼15.3 nm thick γ -Al 2 O 3 film as the buffer layer. The good crystal structure of thin ZnO films was confirmed by x-ray diffraction (XRD) and transmission electron microscopy (TEM). Their optical characteristics were studied using photoluminescence (PL) and correlated with its structural properties.
Experiment
The cubic γ -Al 2 O 3 layer, with lattice constant a = 7.91 Å and thermal expansion coefficient α = 8.2 × 10 −6 K −1 [13] , was deposited on Si (1 1 1) at 720
• C using electron beam evaporation from a high-purity single crystal sapphire source in a multi-chamber molecular beam epitaxy (MBE) system. The details of γ -Al 2 O 3 growth were described elsewhere [14] . ZnO was subsequently grown by PLD [15] . The beam out of a KrF excimer laser (λ = 248 nm) was focused to produce an energy density ∼5-7 J cm −2 at a repetition rate of 10 Hz on a commercial hot-pressed stoichiometric ZnO (5 N) target. ZnO was deposited at a substrate temperature ranging from 200 to 500
• C without introducing oxygen gas flow during growth and the growth rate was ∼0.40 Å s −1 . Two batches of samples grown on two composite substrates, which were prepared under the same deposition conditions, were studied. The first batch has a thickness of 0.29 ± 0.04 µm and the thickness of the second batch is 0.20 ± 0.02 µm. XRD measurements were performed with a four-circle diffractometer at the wiggler beamline BL17A of National Synchrotron Radiation Research Center, Taiwan, with incident wavelength 1.3344 Å. Two pairs of slits, located between the sample and a NaI scintillation detector, were employed and yielded a typical resolution of 4 × 10 −3 Å −1 . Cross sectional TEM images were taken using a field-emission-gun type TEM (Philips TECNAI-20). The PL measurement was carried out using a He-Cd laser of wavelength 325 nm as pumping source. The light emission was dispersed by a Triax-320 spectrometer and detected by an UV-sensitive photomultiplier tube.
Results and discussion
A radial scan along the surface normal (θ -2θ scan) of the ZnO layer grown at 300
• C is illustrated in figure 1 , where the abscissa q z = 4π sin(θ )/λ denotes the momentum transfer along the surface normal and λ is the incident x-ray wavelength. Only ZnO (0 0 2), γ -Al 2 O 3 (1 1 1) and (2 2 2) and Si (1 1 1) reflections were observed, elucidating a crystalline orientation of (0 0 2) ZnO ||(1 1 1) γ -Al 2 O 3 ||(1 1 1) Si along the surface normal. The pronounced thickness fringe observed near the γ -Al 2 O 3 (2 2 2) reflection indicates the sharpness of the γ -Al 2 O 3 interfaces; the fringe period yields a layer thickness of ∼15.3 nm. From the full width at half maximum (FWHM) of the γ -Al 2 O 3 (2 2 2) reflection, we derived the vertical coherence length of the buffer layer, using the Scherrer's equation, to be ∼15 nm, which is close to the layer thickness. This implies that the structural coherence of the buffer layer is maintained over almost the entire layer thickness.
Azimuthal cone scans (φ-scans) across the off-normal ZnO {1 0 1}, γ -Al 2 O 3 {4 4 0} and Si {2 2 0} reflections, as illustrated in figure 2, were measured to examine the in-plane epitaxial relationship. Six evenly spaced ZnO diffracted peaks verified that the hexagonal ZnO film was epitaxially grown on the γ -Al 2 O 3 /Si (1 1 1) composite substrate. Furthermore, two sets of peaks with 3-fold symmetry were observed in the γ -Al 2 O 3 {4 4 0} φ-scan, revealing the cube-on-cube growth • from that of Si substrate, B-type domain [16] . These results suggest that the in-plane epitaxial relationship of this hetero-epitaxial system follows
In this geometry, the two-dimensional hexagonal unit cell of the γ -Al 2 O 3 (1 1 1) plane is aligned with that of the ZnO basal plane with its lattice constant equal to √ 2 · a(γ -Al 2 O 3 ) = 11.186 Å, about 3.45 times larger than that of ZnO.
Within the employed growth temperature range, all the samples exhibit the same structural characteristics with a small variation of less than 0.2% in ZnO lattice parameters. The lattice parameters of the ZnO layer grown at 300
• C were measured to be a = 3.2528 Å and c = 5.1937 Å. As compared with the bulk values, a = 3.2438 Å and c = 5.2036 Å determined from a ZnO wafer, we found that all the ZnO epitaxial films experienced a tensile strain (∼0.28%) in the lateral direction and were compressively stressed (∼0.19%) along the surface normal. The mosaicity of the film against • -0.61
• with the minimum obtained at 300
• C, as shown in the inset of figure 1, manifest the good crystalline quality of ZnO epi-layers even for films as thin as 0.3 µm. This value is comparable to that of ZnO epi-layers grown on nonoxide buffer layers, such as ZnS ( θ = 0.25
• , film thickness = 0.35 µm) [2] , Al (0.35
• , 1 µm) [17] and 3C-SiC (1.11
• , 0.25 µm) [18] . The twist of the ZnO lattice against the surface normal was determined from the peak width of azimuthal scans of in-plane and offnormal reflections. The obtained twist angle falls between 1.4
• and 4.3
• depending on the growth conditions. From the structure of ZnO grown on different batches of buffer layer, we found that the quality of ZnO epi-films is sensitive to the structural perfection of the γ -Al 2 O 3 buffer layer. However, the lateral domain size and tilt/twist angles of the ZnO layers are always better than the underneath buffer layer and exhibit progressive improvement with increasing film thickness. It is worth noting that for a given film thickness an increase of θ is always accompanied by a decrease in φ and the ZnO epi-layers grown on γ -Al 2 O 3 buffer at 300
• C always have the smallest tilt angle but the largest twist angle. This is different from ZnO grown on other substrates, such as c-plane sapphire, where tilt and twist angles always exhibit the same trend of increase/decrease with growth conditions [15] . This negative correlation between the tilt and twist angles allows us to separate their influence on the optical properties of the ZnO epi-layers, which will be discussed later. intermediate layer was observed in either interface. These results demonstrate that the growth of high-quality ZnO epifilms on Si using an oxide buffer layer is possible and a γ -Al 2 O 3 layer serves well as a template for subsequent ZnO growth. The optical properties of ZnO/γ -Al 2 O 3 /Si epi-layers were explored by using low temperature (LT) PL measurements at 15 K. The PL spectra of ZnO films grown at 200
• C and 300
• C are displayed in figures 4(a) and (b), respectively. Regardless of the growth temperature, the main features in PL spectra are common for all samples and can be divided into two categories: the near-band edge (NBE) emission and deep-level emission (DLE). The assignments of NBE peaks are also shown in the insets of figures 4(a) and (b). The peak at 3.375 eV was assigned as the free A-exciton (FX A ) line; the binding energy of the corresponding A-exciton was obtained to be 58.875 meV by fitting the temperaturedependent PL data using the Arrhenius expression. The dominant peak at ∼3.359 eV and ∼3.364 eV in the NBE region were assigned to the recombination of excitons bound to neutral donor (D • X) [19] and their FWHM are 13.4 and 9.4 meV in (a) and (b), respectively. The D
• X emission accompanied with single phonon (D • X-1LO) and dual phonon (D • X-2LO) replica appear at 3.288 and 3.215 eV. The peak at ∼3.23 eV is attributed to the donor-acceptor pair (DAP) transition. Another strong line at 3.328 eV originates from the transition involving radiative recombination of an exciton bound to a neutral donor (D • X) and leaving the donor in the excited state. This process is also known as the two-electron satellite (TES). We made such an assignment based on the ratio of donor binding energy to exciton binding energy ∼0.35, as reported by Teke et al [19] . Similarly to the E 2 -high mode in the Raman spectra of ZnO thin films [20] , the position of the D
• X is sensitive to the strain state of the films. The observed red shift of D o X energy relative to that of ZnO bulk wafer (3.365 eV), marked by the dashed lines in the insets of figure 4, is consistent with the biaxial tensile strain determined by XRD measurements. The broad DLE peak centring at ∼2.196 eV has its intensity ratio to the NBE feature (I DLE /I NBE ) being 0.032 and 0.24 for 200 and 300
• C grown samples. The DLE emission is attributed to the transitions involving point defects such as O vacancies, Zn interstitials as well as other surface defects and its strength is positively correlated with the defect density [21, 22] . Post-growth annealing in O 2 atmosphere did lead to a significant reduction of DLE emission, indicating that O vacancies are a major source of DLE emission. The brighter intensity and narrower line width of NBE and the low (I DLE /I NBE ) intensity ratio are considered as signatures of better optical properties. Comparing the PL spectra of ZnO grown at 200 and 300
• C, we found that the optical performance of ZnO grown at 300
• C was better in the NBE but worse in the DLE region. We also observed that the tilt/twist angle of the sample grown at 300
• C is smaller/larger than that grown at 200
• C. Previous studies pointed out that the tilt angle alone, which is coupled with the screw type TDs, is not sufficient to describe the crystalline quality of the ZnO films [15, 23] . Twist angle, which is a measure of edge type TD density, should be taken into consideration to account for the optical properties. The different trend of increase/decrease of the tilt and twist angles with growth conditions observed in this case allows us to independently examine the influence of edge and screw TDs.
The (I DLE /I NBE ) ratio versus φ (1 0 1) , the FWHM of the azimuthal scan across ZnO off-normal (1 0 1) reflection, and the FWHM of NBE versus θ (0 0 2) , the FWHM of the rocking curve of the (0 0 2) specular reflection, are illustrated in figures 5(a) and (b), respectively. Here φ (1 0 1) / θ (0 0 2) bears the same physical meaning as the twist/tilt angle and can be considered as a measure of the density of edge/screw TDs. In both figures, (I DLE /I NBE ) ratio and FWHM of NBE exhibit monotonic increases with φ (1 0 1) and θ (0 0 2) , respectively. In contrast, the distribution of the (I DLE /I NBE ) ratio scatters randomly with θ (0 0 2) and the line width of NBE did not show a clear correlation with φ (1 0 1) , either. Evidently, the NBE emission is predominantly governed by the screw component of the TDs and the edge TDs play the key role in affecting the DLE intensity. Our observations support the arguments that screw TDs can act as nonradiative centres in reducing the NBE emission intensity, and the existence of edge TDs leads to aggregation of point defects due to stress field near the dislocation core resulting in the enhancement of DLE intensity [10, 24] . Consequently, reducing TDs density of both types in the growth of ZnO epitaxial film is still an important issue in the applications to photonic devices.
Summary
In this work, we have successfully grown high-quality ZnO epitaxial films by PLD on Si (1 1 1) substrates with a nanothick γ -Al 2 O 3 buffer layer. There exist two (1 1 1)-oriented γ -Al 2 O 3 domains rotated 60
• from each other relative to the surface normal. The in-plane epitaxial relationship between the wurtzite ZnO, cubic γ -Al 2 O 3 and cubic Si follows affected by edge TDs and the line width of NBE emission is mainly related to screw TDs.
